Purpose To evaluate the time course of changes in the thickness of retinal layers after epiretinal membrane (ERM) removal surgery. Methods A retrospective cohort study of patients following surgery for idiopathic ERM. We used new specialized image analysis software to create a thickness map of each retinal layer and analyzed changes during one year follow-up. Healthy fellow eyes were used as negative controls and the retina prior to surgery as positive control. Results Twenty-one patients were included with a mean age of 68 ± 13 years. Central macular thickness decreased steadily until 6 months after surgery (25% decrease, 516 ± 76 to 386 ± 73 μm, Po0.001) with no further decrease between 6 and 12 months (386 ± 73 to 390 ± 73 μm, P = 0.291). The retinal nerve fiber layer (RNFL), and the ganglion cell and inner plexiform layer (GCIPL) were most affected (57%, Po0.001 and 27%, P = 0.010, respectively). The thickest region showed a more abrupt decrease of 21% at first followup (504 ± 61 to 399 ± 58 μm, P = 0.001) with subsequent decrements of about 3%. Prior to surgery all retinal layers were thicker in study eyes compared with healthy control eyes (6-63%, all Po0.05). Conclusions Following ERM surgery, in the course of 6 months, the macula gradually becomes thinner after which a stable state is reached. All layers appear to be affected, with the RNFL and GCIPL impacted the most. Our results provide a unique view on how the thickness of different retinal layers changes following ERM surgery.
Introduction
Epiretinal membrane (ERM) is a fibrocellular proliferation over the internal limiting membrane (ILM). 1 It can occur in proliferative retinopathies, inflammatory conditions, after blunt or penetrating trauma or as an idiopathic process in otherwise healthy eyes. 1 Patients can be either asymptomatic or suffer from a myriad of symptoms including decreased visual acuity, metamorphopsia, and central photopsia. 2 Intra-retinal changes can develop as a result of the ERM due to retinal traction and underlying anatomical disturbances. 3 Following ERM removal surgery, further disturbances in retinal microstructure frequently develop such as alterations in foveal contour, inner retinal dimpling, and thinning or thickening of retinal areas. [4] [5] [6] [7] [8] Several attempts have been made to ascertain the nature of retinal morphological changes following surgery, using various methods. 5, 6, 9 Most focused on one specific aspect such as foveal contour or total retinal thickness. 5, 6, 9 Given the time consuming nature of manually segmenting spectral-domain optical coherence tomography (SD-OCT) images, a description of the changes in individual layers following surgery was previously unavailable.
The aim of this study was to assess the effect of ERM peeling on retinal layer thickness in the course of 12 months following surgery. We used advanced image analysis software able to create a detailed thickness map of individual retinal layers from SD-OCT images automatically. A quantitative view of retinal layers following ERM surgery was acquired and their progression through time was analyzed.
Patients
We included patients diagnosed with symptomatic idiopathic ERM that were treated surgically at our institute during 2013-2016. Further inclusion criteria were: at least one high-quality SD-OCT scan in the month prior to surgery and at least two during the year following surgery. We excluded eyes with secondary ERM; defined as ERM occurring in a patient with any of the following diagnosis: proliferative diabetic retinopathy or severe non-proliferative diabetic retinopathy, history of intraocular injections, trauma, uveitis, intraocular surgery other than cataract extraction, venous occlusion, intraocular tumors, and retinal tears or detachment. Opposing eyes were included as the control group, given they had no evidence of ERM.
SD-OCT scans acquired prior to surgery and 1, 3, 6, and 12 months following surgery for both the study and the control eyes were included. Best-corrected visual acuity (BCVA) was measured at each appointment by a qualified nurse practitioner.
Sample size
We used the total retinal thickness (TRT) changes in a study of 117 patients with ERM following ERM peeling, 5 and another study on 41 patients with idiopathic ERM following ERM and ILM peeling for sample calculations. 6 Based on these studies, the mean TRT change was set as 94 (±54) μm. We found that a sample size of 4 patients was required to detect a difference with a significance level of 0.05 and a power of 80%. Given our aims to measure individual layer thickness changes which could possibly be more subtle we decided to include at least triple this amount (ie, 12 patients) and therefore set a time frame of three years retrospectively. Calculations were performed using GLIMMPSE online software. 10 
Surgical procedures
All surgical procedures were performed by one of two experienced vitreoretinal surgeons (IY and EB). The surgery consisted of a 20-gauge pars plana vitrectomy (PPV) with use of triamcinolone acetate (Kenalog, BristolMyers Squibb Co, New York, NY, USA). The surgery was performed under general anesthesia in 18 cases (86%) and retro-bulbar anesthesia in 3 cases (14%). Six patients (29%) underwent combined phacoemulsification with PPV. A posterior chamber intraocular lens was implanted in all of these cases. MembraneBlue-Dual (DORC International BV, Zuidland, Holland) was used to facilitate ERM peeling in 17 cases (81%). Brilliant Blue G dye was used in 3 cases (14%) and membrane blue in 1 case (5%). The ILM was not routinely peeled, and was done so in only one case (5%). At the end of the surgery partial air-fluid exchange was performed in 3 cases (14%), the eye was filled with SF6 gas in 2 cases (10%), and in 16 cases (76%) no gas or air were left in the eye. A search for iatrogenic breaks was performed towards the end of the procedure with scleral indentation; areas suspicious for breaks were treated with cryotherapy in 2 cases (10%). Peripheral endolaser was not routinely performed. Median duration of surgery was 50 min (Mean: 54, range, 27-91 min).
Scan analysis
All SD-OCT images were acquired using the Spectralis SD-OCT (Heidelberg Engineering, Heidelberg, Germany) system. Images of low quality were excluded (defined as images with a signal-to-noise ratio lower than 20 decibels as calculated by the Spectralis system 11 ). SD-OCT analysis was performed using the Orion software (Voxeleron LLC, Pleasanton, CA, USA, software version 2.0.6043) using the same software version, workstation, and operating system for all analyses. 12 The software has been previously used in studies assessing changes of retinal layers in the early course of ischemic optic neuropathy and was compared to manual segmentation. 13, 14 It showed good measurement repeatability and accuracy. [13] [14] [15] The software was able to isolate the retinal nerve fiber layer (RNFL) and analyze it separately. However, it was unable to detect the demarcation between the ganglion cell and the inner plexiform layers and measured their thickness as one. For these reasons we chose to use the term 'GCIPL' for the ganglion cell and inner plexiform layers. Automated segmentation was reviewed manually for all scans insuring proper demarcation between layers. A thickness map of individual retinal layers was created from each scan and analyzed using the early treatment of diabetic retinopathy study (ETDRS) retinal grid. The central macula, inner annulus and outer annulus were analyzed individually as was the thickest region prior to surgery. Although manual cross checking was the primary method to insure accurate segmentation, we nonetheless tested the software for small inter-test variations which could potentially influence the results. We performed a measurement repeatability analysis by analyzing two random scans 5 times each. An example analysis and resulting thickness maps of one of our patients is presented in Figure 1 .
Statistical analysis
Statistical analysis was performed using SPSS software (version 22.0, SPSS (IBM), Chicago, IL, USA). P values o0.05 on a two sided test were considered statistically significant. We conducted χ 2 tests for categorical variables. Clinical parameters distributions were tested for normality by the Shapiro-Wilk test. Independent and paired T-tests were conducted for continuous variables with a normal distribution and Wilcoxon signed-rank test, and the Mann-Whitney U-test for variables with a non-normal distribution. For the measurement repeatability analysis variations were estimated by the difference between means and the intraclass correlation coefficient (ICC) using a two-way mixed model. In order to examine the differences between the excluded patients and the main cohort we tested for differences using the available data of the excluded group. Results are detailed in the online supplement (Supplementary Data). Unless otherwise specified, data are presented as mean ± SD.
Results
Ninety-two patients underwent ERM surgery at our institute during 2013-2016, 42 met one of the exclusion criteria for non-idiopathic ERM and were therefore excluded. Twenty-one patients did not have a highquality SD-OCT scan in the month prior to surgery or at Figure 1 A representative retinal thickness analysis of one our patients, a 21-year-old male who suffered from a decrease in visual acuity in his right eye which progressed during the year prior to his admission. His medical and surgical histories were otherwise unremarkable. The left eye (control) is shown in a; the right eye is shown in b, lines represent borders between retinal layers generated automatically, notice the ERM causing traction and loss of the foveal pit. The same eye one year after surgery is shown in c, notice the thinning of the RNFL and GCIPL most prominent in the foveal region. (d) A thickness map of the TRT of the left (control) eye, the TRT of the right eye prior to surgery is shown in (e) and one year after surgery in f, notice the thickness of the temporal-superior region prior to surgery. ERM, epiretinal membrane; RNFL, retinal nerve fiber layer; GCIPL, ganglion cell and inner plexiform layer; TRT, total retinal thickness.
least two in the year following surgery and were also excluded. A flow diagram of the inclusion process is presented in Figure 2 . Twenty-one patients were included in the analysis. Age at the time of surgery averaged 68 years (±13, range: 21-86), 9 were male (43%). Symptom duration until surgery averaged 22 months (±23, range: 3-84). Comorbid conditions included glaucoma (5/21, 24%), mild non-proliferative diabetic retinopathy (3/21, 14%), status post cataract extraction (5/21, 24%), and dry eye syndrome (1/21, 5%). Cataract extraction was combined with the procedure in 6 cases (29%). Following the procedure 11 patients were pseudophakic (6 following a combined surgery and 5 from previous cataract extraction) and 10 remained phakic.
All patients had between 3 and 5 SD-OCT scans (8 patients had 5 scans, 8 patients had 4 scans and 5 patients had 3 scans; median: 4). Scans were acquired prior to surgery (all patients), one months following surgery (14 patients), 3 months following surgery (17 patients), 6 months following surgery (16 patients) and 12 months following surgery (18 patients).
Retinal layer thickness changes
An overview of the retinal layer thickness changes following surgery is detailed in Figure 3 and in Animation 1 in the online supplement. Average TRT at the central macula was 516 μm (±76) prior to surgery and reduced to 390 μm (±73, Po0.001) at last follow-up. A similar decrease was noted at the inner annulus (462 to 351 μm, Po0.001) and the outer annulus (351 to 290 μm, Po0.001).
The decrease in retinal thickness was most prominent during the first 6 months of follow-up (Figure 4 ). Examining the central macula, at 1 month following surgery a 10% decrease in TRT is seen (516 ± 76 μm before to 464 ± 84 μm at 1 month after, P = 0.019), which progressed to 20% compared to preoperative values at 3 months (464 ± 84 μm at 1 month to 413 ± 78 μm at 3 months, P = 0.080) and to 25% compared to preoperative values at 6 months (413 ± 78 μm at 3 months to 386 ± 73 μm at 6 months, P = 0.006). Between 6 and 12 months however there was no significant change (386 ± 73 μm at 6 months to 390 ± 73 μm at 12 months, P = 0.291). A similar course of progression was also seen when analyzing the inner and outer annuluses as detailed in Figure 5 .
In the segmentation analysis of the central macular area the RNFL and the ganglion cell and inner plexiform layer (GCIPL) were most affected with a 57% (107 ± 48 to 46 ± 28 μm, Po0.001) and 27% (112 ± 30 to 81 ± 26 μm, P = 0.010) decrease in thickness at last follow-up respectively, while the outer plexiform layer (OPL) and photoreceptor layer (PR) were the only two layers to not change significantly (OPL: 41 ± 6 to 40 ± 10 μm, P = 0.880, PR: 71 ± 8 to 68 ± 8 μm, P = 0.220) this is illustrated in Figure 4 . In the inner annulus again the RNFL was most affected with a 69% decrease in thickness at last follow-up (150 ± 42 to 47 ± 14 μm, Po0.001) however the GCIPL, INL, and OPL did not change significantly. The outermost two layers (outer nuclear layer (ONL) and PR) both decreased by about 10% (P = 0.001, Po0.001 respectively) as illustrated in Figure 6 . Finally, at the outer annulus the RNFL decreased the most (52%, 103 ± 26 to 49 ± 11 μm, Po0.001) with most other layers only slightly decreasing in thickness or not at all. These results are illustrated in Figure 5 .
The thickest region prior to surgery was located at the inner annulus in all subjects. The most common location was the inner temporal region seen in seven cases (33%), followed by the inner nasal region in six cases (29%), and lastly the inner superior and inferior regions with four cases each (19%), these results are illustrated in Figure 6a . The progression of the thickest region was analyzed separately and illustrated in Figure 6b . The Thickest region shows a predominant decrease of the RNFL (75%, 177 ± 57 to 45 ± 9 μm, Po0.001) and the two outer layers (ONL: 10%, 99 ± 10 to 89 ± 10 μm, P = 0.020 and PR: 15%, 68 ± 7 to 58 ± 4 μm, P = 0.001). Contrary to the other retinal regions the decrease in thickness is more abrupt with a 21% significant decrease in total thickness at first follow-up (504 ± 61 to 399 ± 58 μm, P = 0.001) progressing with non-significant increments to 26% (399 ± 58 to 374 ± 39 μm, P = 0.106), 27% (374 ± 39 to 366 ± 38 μm, P = 0.234) and 29% (366 ± 38 to 356 ± 37 μm, P = 0.303) at Entered analysis (n = 21) Figure 2 Flow diagram of the inclusion process. † SD-OCT inclusion criteria were both a high-quality SD-OCT scan in the month prior to surgery and at least two high-quality SD-OCT scans in the year following surgery. Further details regarding the excluded patients can be found in the online supplement. ERM, epiretinal membrane; PDR, proliferative diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; SD-OCT, spectraldomain optical coherence tomography.
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Eye subsequent follow-ups at 3, 6, and 12 months respectively (Figure 6b ).
Control eyes
Analysis of the control eyes displayed normal retinal architecture with no significant change in any layer of any region during the follow-up period, achieving their main purpose as a negative control, and suggesting proper calibration of the system; these results are illustrated in Figure 3 and Animation 2 in the Supplementary Information. Of the 21 opposing eyes, 4 also had an ERM (19%). When comparing the healthy control eyes (17/21 opposing eyes) to the eyes with ERM prior to surgery all layers were significantly thicker in the ERM eyes. The RNFL, GCIPL, and the INL were most different at 63%, 23%, and 34% thicker, respectively (all Po0.001). The outer layers were also significantly thicker compared with the controls but to a lesser degree. The OPL, ONL, and PR were 6%, 8%, and 14% thicker, respectively (P = 0.036, P = 0.004, and Po0.001, respectively).
In order to assess measurement repeatability, two SD-OCT scans of two eyes were chosen at random, one from the study eyes and one from the control eyes. These were Figure 3 Overview of retinal layer progression following surgery. Note the decrease in thickness in the study eyes affecting mostly the inner layers. The control eyes show normal retinal architecture and did not change significantly during the follow-up period. RNFL, retinal nerve fiber layer; GCIPL, ganglion cell and inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PR, photoreceptor layer. Figure 4 Central macular retinal layers before and after epiretinal membrane peeling. Percent (%) quantities indicate the extent of thickness change relative to the thickness prior to surgery. Note the significant reduction in retinal thickness attained within 6 months followed by a relatively stable progression. The RNFL and GCIPL thickness decreased most dramatically while the OPL and PR were the only layers not to decrease significantly following surgery. *Total retinal thickness change before and 6 months following surgery. **Total retinal thickness change between 6 and 12 months following surgery. † Difference between the layer thickness prior to surgery and the end of follow-up. RNFL, retinal nerve fiber layer; GCIPL, ganglion cell and inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PR, photoreceptor layer; BCVA, best-corrected visual acuity.
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analyzed repeatedly five times each. Differences between measurements were on average 0% ± 0 in the control eye (average ICC of 1.0) and 0.9% ± 0.6 in the study eye (average ICC of 0.999, 95% confidence interval: 0.998-1.0). Detailed results are available in the online supplement (Supplementary Table 1 ). Manual cross checking of the automated segmentation was performed on all scans; minor corrections were performed in 3 scans of eyes with ERM and in none of the control eyes. During the year of follow-up, 6 patients developed cataract, of them 3 required cataract removal surgery. An illustration detailing the changes in visual acuity of phakic and pseudophakic eyes separately is available in the online supplement (Supplementary Figure 1) .
Visual acuity was further tested for association with retinal thickness changes. Comparison of visual acuity in eyes with a mild decrease in macular thickness (o104 μm, the median value) to those with a more profound decrease (4104 μm) showed small and statistically Figure 5 Inner and outer annulus progression. Percent (%) quantities indicate the extent of thickness change relative to the thickness prior to surgery. *Total retinal thickness change before and 6 months following surgery. **Total retinal thickness change between 6 and 12 months following surgery. † Difference between the layer thickness prior to surgery and the end of follow-up. RNFL, retinal nerve fiber layer; GCIPL, ganglion cell and inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PR, photoreceptor layer; BCVA, best-corrected visual acuity. 
Discussion
In this study, we analyzed changes in retinal morphology due to idiopathic ERM and following the surgery for ERM removal. There are several important findings: (1) The majority of thickness decrease does not occur immediately but progresses steadily during 6 months.
(2) After 6 months a stable state is reached with no further decrease. (3) The RNFL and GCIPL appear to be affected the most. (4) The outer layers also become thinner but to a lesser extent with an even smaller effect at the inner and outer annuluses. (5) Analysis of the thickest region shows a more abrupt course with the majority of the thickness decrease apparent at 1 month post-operatively. (6) All retinal layers of the ERM eyes prior to surgery were thicker than the control eyes, the inner layers by about 40% and the outer layers by about 10%.
Wolf et al 16 showed that when performing ILM peeling there is damage to the Müller cells (retinal glial cells) caused by the removal of their basement membranes and cell endfeet. The Müller cells span the entire thickness of the retina and are key mediators of retinal nerve cell protection. Damage to the Müller cells has been shown to accelerate retinal degeneration. 17 The gradual thinning of retinal layers seen in our results, affecting the majority of layers but mostly the RNFL, could be explained by this process. Other researches have also implicated Müller cell damage with other post-operative phenomena such as late dimpling of the inner retinal surface. 8 When examining the thickest region prior to surgery independently from the rest of the retina, the decrease in thickness is more abrupt, the majority of which occurs within one month after surgery ( Figure 6 ). It is possible that this region is affected more directly by surgery and that the decrease in thickness is mainly due to a mechanical effect, while the rest of the retina is more prominently affected by secondary processes that progress more slowly.
Comparing the healthy control eyes to the eyes with ERM prior to surgery, all layers were significantly thicker in the ERM eyes, the inner layers by about 40% and the outer layers by 6-14% (all Po0.05). These results may imply that the force exerted by the ERM, causing traction and microstructural changes, may be affecting the inner layers further and mediated to the outer layers only to a lesser extent.
It has been shown by Romano et al 18, 19 that deep retinal changes can occur as a result of ERM and that these changes are correlated to functional outcomes. Although isolating specific intra-retinal phenomenon was not our current aim, a general effect on deep layer thickness is clearly seen. Further research into the ERM depth penetrance, deep intra-retinal changes and the corresponding visual outcomes could be an interesting avenue for future research.
Visual acuity was not significantly changed at most follow-up appointments in our cohort. Six months following surgery some improvement could be seen, but it as well did not reach statistical significance. It is possible that our study which was highly selective to include patients with high-quality, specifically timed SD-OCT scans, ended being underpowered to detect changes in visual acuity. Furthermore, close to half of patients remained phakic after surgery (10/21) and some developed cataract, a known late complication of the procedure. 20 Trends and associations in other vision related symptoms such as metamorphopsia were not available since objective tests for these symptoms were not routinely performed and so these parameters were not analyzed. 21 In this study, we used specialized software, recently developed by Voxeleron LLC (USA), to automatically analyze the SD-OCT volumes. Use of the software-enabled analysis not previously available due to the time consuming nature of retinal layer segmentation performed manually. The software has been used elsewhere, and showed good measurement repeatability and accuracy. 13, 15 We nevertheless conducted a measurement repeatability analyses which showed average differences of 0-0.9% (ICC 0.999-1.0) between measurements, suggesting good repeatability. Although not currently marketed for clinical use, the software could be employed in other projects involving precision measurement and bulk processing necessary for many types of research.
This study has a number of limitations. First, the study is based on retrospective analysis of a real-life cohort; therefore not all confounders can be accounted for or measured. Second, scan volume analysis was performed automatically by specialized software and demarcation between layers was reviewed manually; nevertheless the software used is still experimental in nature. Finally, we did not include patients who did not arrive to follow-up appointments and those with non-idiopathic ERM and our results cannot be generalized to those populations.
To conclude, our results suggest that following surgery for idiopathic ERM the retina gradually becomes thinner, during 6 months, after which a stable state is reached. All layers appear to be affected but mostly the RNFL and GCIPL. The thickest region was located exclusively at the inner annulus and shows a more abrupt course of progression. Our results shed light on retinal morphology after ERM removal surgery and may help to clarify retinal microstructural progression during this process.
